Introduction
Owing to the growing industrialization and the expanding transportation sector around the globe, demands have largely increased for various fossiloriented energy carriers. However, the limited amount and the uneven distribution of these nonrenewable energy resources have led to a worldwide search for renewable or alternative energy resources. To achieve economic viability, it is important to try to develop renewable energies whose feedstocks are available and locally-abundant. Indonesia and the other tropical countries have focused on the production of renewable energies such as biodiesel or bioethanol using both edible and non-edible plants such as palm, coconut, Jatropa curcas, Calophyllum inophyllum, rubber seed, Schleicheera oleosa, etc.
In the year 2016, Indonesia committed itself to increase the use of biodiesel from 10 to 20% (http://www.migas.esdm.go.id/) through the implementation of a program called "Peraturan Menteri EDM No. 12 Tahun 2015". Accordingly, Indonesian should use Fatty Acid Methyl Esters (FAMEs) produced from palm oil to substitute petroleum diesel fuel while the replacement rate is supposed to be increased slightly every year in order to reduce diesel fuel imports. Nevertheless, such implementation is not without any problems either. One of the most crucial problems associated with the growing application of biodiesel is the excessive formation of carbon deposits in the combustion chamber. This is ascribed to the fact that biodiesel blends have less thermal stability as well as higher density and viscosity values compared with typical diesel fuel, thus increasing the possibility of deposit formation in engines (Reksowardojo et al., 2010; Liaquat et al., 2014) . These deposits could negatively impact heat transfer in the combustion chamber (Yamada et al., 2002; Kalam and Masjuki, 2004) , hydrocarbon emissions (Caceres et al., 2003; Gopal and Karupparaj, 2015) , and the overall quality of the combustion process and the components' lifetime which could ultimately result in increased maintenance cost. It is worth highlighting that various biodiesel blends vary in terms of their physicochemical properties and consequently their combustion characteristics.
Therefore, researchers in various countries have been conducting experiments in order to scrutinize the use of biodiesel both at laboratory and industrial scales. Agarwal (2007) in a review paper concluded that based on the long-term endurance tests, biodiesel can be used as a substitute for mineral diesel. In spite of such efforts, the usability of biodiesel and its blends especially in accordance with engine durability is still in question. There are various editions of the European (EN) and American (ASTM) standards for different biodiesel inclusion rates in petroleum diesel. For instance, EN 590:2004 and ASTM D975 allow only 5% biodiesel to be blended into diesel fuel. In general, most car manufacturers recommend maximum biodiesel inclusion rate of only 5% in order to avoid undesirable impacts on unmodified engines such as deposits formation (Joint FIE Manufacturers Statement, 2009).
To address this challenge, further studies and comprehensive research activities with a focus on fuels' characteristics and their deposit formation capability in different engine parts are strongly required. It is worth quoting that research on deposit formation in injector and combustion chamber basically includes measuring the thickness of the deposits in the engine componentd in response to the application of test and reference fuels. Deposits can contain various materials and residues which gradually grow or accumulate on critical parts of internal combustion engines (Güralp et al., 2006; Arifin and Arai, 2009 ). Therefore, it is essential to analyze the chemical and physical attributes of deposits in order to figure out the causes. Deposit characterization generally includes structural and compositional analyses through scanning electron microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). Having considered both diesel fuel and biodiesel as references, the deposits formed can be compared for different fuel compositions.
The objective of the present study was to investigate the formation of deposits in the combustion chamber of a diesel engine and to characterize them when Indonesian biodiesel fuel (IBF) containing 10% palm oil biodiesel and B50 fuel were used. The investigated parameters included the rate of deposit growth on several diesel engine components, the composition of the deposits, the morphological features of the deposits formed on different engine componentd, and how the rate of deposit growth affected engine's performance.
Materials and Methods

Experimental set-up and deposit analysis procedure
Descriptive results on deposit growth in different parts of a diesel engine were obtained by conducting 200 h endurance tests for each of the investigated fuel blends. Deposits are more likely be formed when engines reach maximum power or maximaum torque at low combustion chamber temperature, combined with engine cooling. Therefore, the present study was conducted mostly at maximum torque.
As mentioned earlier, the duration of the endurance test was 200 h. After 35, 100, and 200 h of the test, the engine was dismantled in order to analyze deposit growth by photography and mass weighing in different engine components, i.e., piston crown, piston grooves, cylinder head, injector tip, intake valve, and exhaust valve. A digital single lens camera was used to capture the images. Since the deposits were formed in micro scale thickness, and as a result of the complexity of the engine components, it was difficult to get deposit thickness for every engine component and, therefore, non-destructive method (photographic method) was used. The images obtained were further processed by using a photo editing software and MATLAB program (MATLAB, 2013) to obtain coordinate points, visualizing the injector in the form of graphs, and to estimate the deposits volume through the integration process ( Table 1) . Table 1 . The deposit mass calculation approach.
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Engine off mode was used to stimulate cooling condition as used in real field. Moreover, the structure and chemical composition of the deposits were also analyzed by using a JEOL JSM-6510 LA SEM-EDS (3000× magnification). Smoke samples from the smoke filter were also taken and analyzed in order to investigate their relation with the deposits formed in the valves.
A single cylinder Yanmar L48 diesel engine ( Table 2 ) was used in the experiments. A single-phase Dongdong generator with a 3.5 kW capacity set with bulbs installed in series was used to gain a constant power of 1.7 kW (75 % of the engine maximum load capacity) during the 200 h endurance test. Oil and exhaust temperatures were recorded every 2 h, while smoke and fuel flow rates were logged in every 4 h. 
Results and Discussion
Deposits or as they are often called carbon deposits in the combustion chamber of diesel engines are heterogenic mixtures consisting of carbon ash, soot, and the residues of oxygenated materials. In a comprehensive study, Diabya et al. (2009) argued that down-sizing of the engine as well as extreme conditions of the engine operation, e.g., operational temperature and pressure of the combustion chamber, oil sump, or cylinder liner temperature could accelerate the deposits formation process in engines. These deposits remain attached to the critical parts of the combustion chamber such as piston (crown, rings, and crevices), cylinder head, intake and exhaust valves and injector. Deposits on the injector often occur on the injector tip and in the interior of the fuel oulet. It is worth quoting that deposits gradually grow and accumulate in these critical parts and will negatively affect engine durability and consequently the maintenance cost.
Besides, deposits accumulation on the wall of the combustion chamber could interfere with heat transfer in the combustion chamber leading to increased NOx emission (Ra et al., 2006) . It has been reported that the thickness of deposits could be estimated by measuring the temperature of the combustion chamber wall and the area of fuel impingement (Goldsworthy, 2006; Güralp et al., 2006) . The combination of low wall temperature and unburned fuel could cause more deposit formation in the engine chamber. Overall, deposit formation in the combustion chamber is a complex process that depends on several interrelated parameters, i.e., fuel type, the material used in the combustion chamber wall, temperature, compression, etc. Among those, the wall is the most important parameter in the formation of deposits (Arifin and Arai, 2009 ). Spilners and Hedenburg (1985) , who studied carbon deposit formation in a single cylinder test engine, observed that the olefin content of the fuel had the greatest effect on the deposit formation tendency. Fuel injectors in diesel engines are precision instruments and their function is to control engine combustion, fuel economy, and engine noise by injecting exactly the right amount of fuel into the combustion chamber on each compression stroke. Carbon deposits formed on the jnjector may cause operational problems, such as excessive smoke emissions, loss of power, poor fuel economy, degraded emissions, excessive engine noise, rough engine operation, and poor drivability. It is worth quoting that the jnjector carbon deposits, usually appearing as lacquers on the piston, are believed to result from the reactions of the oxidation products of unstable fuel blends, e.g., when high biodiesel inclusion rates are practiced (Goldsworthy, 2006 ).
Deposit growth
Deposits in the combustion chamber of a diesel engine are classified based on their location into 5 categories: injector tips, piston crown, intake/exhaust valves, cylinder head and piston grooves. Deposit growth was measured by gravimetric and photographic methods. Extent of deposit growth on the injector tips can be seen in Figure 1 . More specifically, Figure 1A shows deposit growth on the injector tip by time in the engine running on the IBF fuel blend, while Figure 1B presents the trend of deposit growth when the B50 fuel was utilized. Visual inspection of the injector nozzles at the end of each running test for various fuel blends i.e., diesel containing coconut oil, was also conducted previously by Kalam et al. (2003) who indicated that there was no significant carbon deposit on the nozzle tips. In a different study on analyzing the wear of various vital engine parts, Agarwal et al. (2003) reported up to 30% wear reduction in response to additional lubricity properties of linseed biodiesel added to the fuel (B20). Similar observations made in the present study, i.e., wear reduction using both B50 and IBF (Fig.  1) . From the data presented in Figure 1A , it could be concluded that the IBF fuel led to a more efficient combustion during the test. Moreover, an increase in deposit mass after 100 h of the endurance test was observed but it was slightly decreased by the end of experiment, i.e., after 200 h. Physically, the deposits were found harder and drier, but more brittle compared with the deposits found on the cylinder head or piston crown. As a result, they could be easily shed off from the injector tip surface.
Deposit growth in the engine fueled by B50 showed a different trend (Fig.  1B) as after the first 35 h, the thickness of the deposits increased sharply. Moreover, the deposits were relatively soft and wet/oily. The wet nature of the deposits is ascribed to the presence of lots of fuel residues and therefore, these deposits are flammable. 2 also shows the deposit mass generated on the injector tip. As presented B50 led to higher deposit mass than IBF. Furthermore, the deposits were found wetter, thicker and more brittle in the hole of the nozzle. In general, deposit growth in the engine running on B50 was considerably higher than in the engine running on IBF. These results were in agreement with those of Reksowardojo et al. (2010) and Liaquat et al. (2014) . Table 3 tabulates the data obtained on deposit volume and mass on the injector tip using IBF and B50. As shown, after 100 h, a decrease in deposit volume occurred using both fuel types. Measurements were A B Fig.2 . Deposit growth on the injector tip using IBF and B50 after 100 h of engine operation.
conducted by using both photography and mass weighing in order to minimize errors. For instance, weighing has its own shortcoming of taking the true mass stuck in an engine part into account owing to the presence of nondeposit mass, i.e., oil and fuel residues. The trend observed in deposits formation by time in the intake and exhaust valves are shown in Figure 3A and B, respectively. As presented, the deposit mass measured in the intake valve using B50 was higher than that of IBF.
This could be attributed to the swelling of rubbers as a result of high biodiesel inclusion as in B50 and the consequent oil leakage to the combustion chamber. Rubber swelling did not happen when IBF was used during 200 h of endurance test while the application of B50 resulted in the swelling of the intake valve rubber after only 100 h of operation (Fig. 4) . As for the exhaust valve, the mass of deposits formed were relatively similar using both fuels after 200 h of engine operation. Moreover, the deposits formed in the exhaust valve using both fuels were brittle and could be easily detached from the valve surface. In a study, Ziejewski et al. (1984) formulated, characterized, and evaluated a nonionic sunflower oil-aqueous ethanol microemulsion as fuel in a diesel engine during a 200 h endurance test. After each durability test, the carbon, sludge and varnish deposits were rated to directly measure the wear of the engine components. Contrary with the findings of the present study, no differences in deposits formation in the intake and exhaust valves were detected for the tested fuels. More specifically, in their study, all valve seats as well as all valve faces showed light peening caused by hard particles released from the combustion chamber deposits while light carbon residue and amber lacquer were noted on the intake valve faces and on the valve stems, respectively.
It is worth mentioning that deposit growth in the other engine components such as cylinder head, piston crown, and piston ring could not be quantified herein by using the photography method while the deposits growth on the cylinder head and piston ring could be measured by the weighing method through shedding off all the deposits stuck on the component's wall. None of the methods were capable of measuring the mass of deposits stuck in the piston ring accurately. Simillar studies were conducted by Ziejewski et al. (1983 and 1984) in which all pistons showed significantly greater carbon and lacquer buildups in the ring grooves and on the piston lands, as well as on the piston undercrowns and skirts. Moreover, in a comparative study, Agarwal et al. (2011) in a qualitative analysis of soot formation on engine components under EGR operation condition found that higher soot deposits were formed on the cylinder head, injector tip, and piston crown when EGR was used compared with the condition where the engine was operated without EGR. More specifically, the wear of top compression ring in the engine operated with EGR was found to be slightly lower than the engine operated without EGR that may be due to the lower combustion temperature. But the wear of the second and third compression rings as well as the oil ring in the engine operated with EGR was far more than those of the engine operated without EGR.
Deposit structure
The deposits formed in different components, i.e., piston, valve, cylinder head, and injector were quite different in structure (Fig. 5) . As presented, the deposits particles formed as a result of B50 were bigger in comparison with IBF (Fig. 5) . Moreover, the shapes of the deposits Fig.3 . Deposit mass growth trends on, A) the intake valve and B) the exhaust valve using IBF and B50. obtained were also different. More specifically, the deposits particles formed in the B50-fueled engine had a relatively soft shape, while in the IBF-fueled engine deposits were sharp. This could be attributed to the wetness of the deposits and the fact that were not evaporated completely. The spherical structure of the deposits in the B50-fueled engine was likely ascribed to the presence of long chain hydrocarbons and unstable compounds in the fuel. Long chain hydrocarbons cause the fuel harder to evaporate, whereas unstable compounds in fuel lead to fuel oxidization and the formation of polymers. The formation of deposit in the piston groove was not impacted by fuel type and the changes observed were not significant. Similarly, deposit structures in intake valve using IBF and B50 were also not significantly different. Figure 6 revealed that after 200 h of the endurance test, the piston surface was significantly different using the investigated fuels. More specifically, IBF-derived deposits were relatively dry while B50-derived deposits were wet/oily. This may be caused by the unburned fuel articles which failed to diffusely combust after being sprayed by the injector, possibly because of insufficient air fuel ratio (AFR). It has been mentioned that the deposits caused by unburned fuel, and thus wetter than the other deposits on the wall, were thicker (Arifin and Arai, 2009 ). This was also observed in the present study on the piston crown and especially on the injector tip.
Deposit composition
Besides morphological variations in the deposits formed, elemental composition of the deposits in different engine components were also analyzed herein. As mentioned earlier, deposits are a layer of various materials and residues gradually grown or accumulated on critical parts of internal combustion engines. More specifically, deposits are a pile of soot and solid particles that stick on a thin liquid layer in the combustion chamber and is compressed by the high compression present in the combustion chamber. The theory of deposits formation was formulated by Lepperhoff and Houben (1993) and was further developed in the present study by identifying the elements found in the deposits. The results obtained by EDS revealed that the deposits in the piston crown of the B50-fueled engine contained a high level of calcium (Fig. 7) . This element can also be found in oil lubricants as detergent or corrosion inhibitors. While in the IBF-fueled engine, calcium content was considerably lower. In addition to calcium, zinc was also found in the deposits. Zinc is known as additive for anti-wear and oxidant in most oil lubricants (Nicholls et al., 2005) . Elemental comparison also showed that O/C content of the deposits formed on the injector tip was higher when IBF was used compared with B50. These findings were similar to those of Liaquat et al. (2014) who also argued that although B50 fuel contained more oxygen but the resultant deposits contained less oxygen. This could probably indicate that the deposits formed on the B50-fueled engine were easier to be oxidized or burned. As for the deposits stuck in the piston groove of both IBF and B50 fueled engines, calcium and zinc were found indicating that the piston groove was loaded with lubricant, i.e., biodiesel. In general, the zinc found in wear debris could be because of additive depletion, extra additives being added due to addition of make-up oil, wear of bearings, brass components, neoprene seals, etc. (Agarwal et al., 2003 ). An important observation was made by Agarwal et al. (2003) who claimed that the application of B20 led to approximately 65% less increase in zinc content indicating less wear of zinc-containing components and lower consumption of the lubricating oil in comparison with neat diesel fuel.
Overall, the deposits morphology and elemental composition in the piston groove were similar using both fuel blends, i.e., B50 and IBF (Figs. 5 and 7) . Traces of potassium and calcium were also identified in the deposits proving that lubricant oil was present in the deposits. In the intake and exhaust valves, the percentage of carbon mass and oxygen deposited in IBF-fueled engine was higher than in B50-fueled engine. Moreover, in the intake valve, the deposits found contained Fe, Mg, and Mo, which are the elements of the wear debris (Liaquat et al., 2014) . On the whole, the elemental compositions obtained in the present study revealed lubricant leakage caused by B50 as a result of rubber swelling. Moreover, the deposits in the exhaust value when B50 was used contained a trace of aluminum indicating the occurrence of metal wear process in the piston ring as a sign of ring sticking. The copper measured in the wear debris basically originates from wear of bearings, and bushings (Fig. 7) . Agarwal et al. (2003) also argued that the lubricating impacts of B20 resulted in approximately 25% lower copper content revealing less wear when compared with neat diesel fuel.
The formation processes of carbonaceous deposits in the first piston ring grooves of direct injection diesel engines were studied by Diaby et al. (2009) . Their analyses showed that the deposits, with a structure of cracked varnishes, mainly resulted from the degradation of lubricants. These deposits contained a noticeable proportion of metallic elements resulting from the wear of metallic parts of the engine. According to their results, the degradative oxidation of the lubricant apparently induced polymerization reactions which in turn led to the formation of a varnish acting as a binder. The formed binder bridged between carbon particles and metallic particles of wear and worsened the cycle of lubricant degradation (Diaby et al., 2009 ).
Conclusions
Based on the findings of the present study, the following conclusions can be drawn:
 The higher inclusion rate of biodiesel increased deposits formation on engine components, especially on the valves and injector tip.  By increasing biodiesel inclusion rate, a tendency toward increased ring sticking was observed.  B50 fuel led to a large amount of deposits. More specifically, the use of B50 showed excessive wetness in the piston crown. This could be ascribed to the fact that the injected fuel hitting on the piston crown wall would fail to dry, thus making the B50-caused deposits tend to be wet and brittle.  Based on the deposits morphology, in every engine component, different shapes could be observed even by using the same fuel. By using different fuels, different deposit structures were detected in similar parts of the engine, especially in the injector tip, piston crown, and cylinder head. This was not observed in the exhaust valve and ring groove.  In the B50-caused deposits, spherical patterns dominated the structures observed. This could be mainly attributed to the unburned fuel that failed to properly combust, and would later dominate the deposits structure. This deposit structure is similar to deposit structure observed in the piston groove. 
